Abstract. It is proposed that the binding energies of positrons to a number of atoms be determined by the charge transfer reaction A − +e + → Ae + +e − . This reaction can be realized in the laboratory by directing a negative ion beam through a positron trap and measuring positively charged ions downstream. Unique identification of Ae + is possible when the electron affinity, positron affinity and neutral atom ionization potentials satisfy a few simple identities. This technique could be used to investigate the existence of positron binding for a number of elements such as
One of the longest-standing questions in the area of positron physics has been the question of whether a neutral atom can bind a positron. Rigorous evidence that positrons can be bound to atoms has recently been provided by large-scale ab initio calculations that have demonstrated that the Lie + and Bee + ground states are electronically stable [1] [2] [3] . In addition, calculations in a fixed core approximation have given convincing evidence of positron binding to Na, Mg, Cu, Zn and Ag [3] [4] [5] [6] , and it is likely that many other elements of the periodic table will bind a positron.
At the present time there is no ironclad experimental evidence for the existence of a positronic atom (or positronic ion depending on ones choice of terminology). This is not surprising and is in keeping with the tradition of positron physics where many of the fundamental experiments were preceded by theoretical prediction. The prediction of the positron preceded its experimental identification by a couple of years. Similarly, positronium was postulated in 1934 [7] , named in 1945 [8] , and first observed experimentally in 1951 [9] . The theoretical evidence for the existence of the positronium negative ion (Ps − ) was first presented in 1946 by Wheeler [10] and first seen in an experiment in 1983 [11] . There was an even longer time gap between the first calculation on hydrogen positride [12] and its identification in an experiment [13] . The time lag between the theoretical prediction and experimental identification of exotic positron binding systems has been 15-40 years.
The problem of identifying a positronic atom in an experiment is fundamentally a twofold problem. First one has to make the atom and then it is necessary to identify it. Making a positronic atom should not be very complicated. One could introduce some metal vapour atom such as magnesium into a positron trap and be quite confident that some positrons would eventually bind to the Mg atoms through a process of three-body recombination. However, the identification of the positronic atom would be rather difficult. While the positronic atom would reveal itself by decaying by a process of electron-positron annihilation, every nonbinding positron in the apparatus would decay by exactly the same process. There are also other reactions that could conceivably lead to positron binding, but the real problem is to devise a method to unambiguously identify the positron-atom bound state.
It is proposed that positronic atoms be formed and identified by the charge exchange reaction
Provided the electron affinity (EA), positron affinity (PA) and parent atom ionization potential (IP) obey a few simple identities, it should be possible to demonstrate the existence of positronic atoms by measuring positive A + ions downstream from the interaction region. It is worth noting that a previous work [14] advocated the use of charge exchange reactions to produce various exotic systems although they did not consider the production of positron-atom bound states.
The basic ideas are best illustrated by a specific example and the copper atom can serve as that example since positron binding to copper has been indicated in an explicit calculation [4] . One possible configuration for an experiment would consist of a Cu − beam passing through a positron trap. The allowable processes would depend on the energy and an energy level diagram for all the relevant Cu − , Cu, Cu + and Cue + levels is shown in figure 1 . The binding energy of the Cue + level was taken from the calculation of Ryzhikh and Mitroy [4] while the EA and IP were experimental values [15] . 
where m e and M are the electron mass and ion mass, respectively. The Cue + system will undergo positron annihilation to Cu + with two different rates depending on whether Cue + is formed in the singlet or triplet state. When the energy increases further, Cu + can also be produced in a reaction involving the formation of Ps − and also produced in a reaction involving the formation of positronium and the ejection of an electron. (7) and (8) are energetically forbidden at energies below 1.831 eV and 2.158 eV, respectively. At collision energies between 1.085 eV and 1.831 eV the overwhelming porportion of positively charged Cu + ions will be produced through a reaction involving the creation of Cue + . Electric or magnetic fields can be used to separate the positive Cu + ions from the Cu atoms and negative Cu − ions and therefore provide clear evidence for the formation of Cue + . The production rate for Cue + can be estimated without too much difficulty. Let I be the current of the Cu − beam, N be the number density in the positron trap, D be the length of the interaction region, and σ be the cross section for the formation of Cue + . Then the number of Cue + atoms produced, N A , is
Typical negative ion beam currents range from 100 pA to 1 µA [16] [17] [18] [19] [20] . The number of positrons that can be trapped is typically 2.8 × 10 8 in a cylindrical well of radius 0.3 cm and length 10 cm [21] [22] [23] . The path length of the interaction region would be 10 cm if the ion beam was directed down the long axis of the trap. The charge transfer cross section will be roughly equal to the geometric size of the Cu − ion since this reaction is not inhibited by any energy-momentum conservation considerations. Since the incoming and outgoing particles are attractive Coulomb waves, the cross section will be finite at the excitation threshold. Choosing I = 5 × 10 9 ions s −1 , N = 1 × 10 14 e + m −3 , σ = 10 −19 m 2 (the mean valence electron radius in Cu − is about 2 × 10 −10 m), and D = 0.1 m gives N A ≈ 5000 ions s −1 assuming a detection efficiency of 100% for the positive ions. This count rate is high enough to clearly indicate the prior formation of Cue + . The energy resolution of the experiment will be limited by two factors: the energy resolution of the ion beam and the velocity distribution of the positrons in the trap. The energy resolution of the ion beam will generally be less than 1%. In the centre of mass frame, a 1% spread would correspond to a resolution of less than 0.010 eV at 1 eV collision energy. A larger contribution to the degradation of the energy resolution will be the kinetic energy of the positrons in the trap. The average kinetic energy of the positrons in the trap can be taken as 0.025 eV [21, 22] . This spread in collision energy will limit the accuracy with which the positron binding energy can be measured. However, the spread in the collision energy is a relatively small fraction of the energy window for identification of Cue + . One source of concern would be the possible disruption and heating of the positron plasma by the ion beam. An experiment passing an electron beam through a cylindrical positron trap showed heating of the positron plasma to 1 eV after 10 −4 s [23] . However, this experiment was specifically designed to produce instabilities and the electron current was about 1 µA [24] . This current is much larger than the proposed ion beam currents of 1 nA. It is envisaged that the experiment would operate as a pulsed beam with the ion beam turned on for a finite time (e.g. 1 s), and then the trap would be cleared and filled over a period of 3 min [23] . Under such an arrangement, heating of the positrons by the ion beam would be minimized.
The direct detection of Cue + would be difficult. The velocity of an ion beam with K cm = 1.5 eV will be 7.3 × 10 5 m s −1 . The singlet state will annihilate at a rate of 2.2 × 10 9 s −1 [4] . The triplet state can only decay by the 2γ process if the positron annihilates with one of the core electrons [4] . The triplet annihilation rate for Cue + is 0.034 × 10 9 s −1 [4] which is much smaller than the singlet decay rate. At a distance of 0.1 m from the interaction region, the Cue + ions formed in the singlet state will have vanished from the beam, while 0.9% of the Cue + ions in the triplet state will be left. The estimate of the number of triplet Cue + ions left in the beam is probably an overestimate since the calculation of the core annihilation rate gave no consideration to the inclusion of correlations between the positron and core electrons.
There are other reactions that could conceivably produce positively charged ions, but the reaction rates for these processes are expected to be orders of magnitude smaller than that of the charge transfer reaction. Positron annihilation during flight will predominantly produce neutral copper atoms. One would only expect Cu + ions to be produced when the residual Cu atom is left in a continuum state (e.g. when the annihilation occurs with an inner shell electron) and such events should comprise less than 10% of all annihilation events [25] . Furthermore, positron annihilation during the collision process has a very small cross section. The cross section for annihilation [26] in m 2 is
where r 0 is the classical electron radius, v the relative collision speed in m s −1 and c the speed of light. At a relative collision speed of 5 × 10 5 m s −1 , Z eff would have to be as large as 5 × 10 6 before the annihilation cross section was roughly equal in magnitude to the expected charge exchange cross section. A Z eff as large as this has not been observed in a positron collision experiment with any atom or molecule [27] . Positive ions could also be produced by direct annihilation of any neutral copper atoms in the beam. Neutral atoms can be produced by collisions with any background atoms and molecules. While the concentration of these neutral atoms can be reduced by redirecting the beam just prior to the interaction region, some neutral copper atoms will remain. However, this small proportion of neutral copper atoms will not lead to a large flux of Cu + ions since the annihilation cross section is so small. Assuming a Z eff of 10 4 , and a proportion of 0.1% neutral atoms in the beam implies an effective neutral atom annihilation cross section of 0.001×7.5×10 −21 ×10 4 /10 5 = 7.5×10 −25 m 2 which is negligible for all practical purposes. Of more concern would be the production of Cu + ions produced in double-detachment collisions between the Cu − beam and the background gas. A background gas pressure of 10 −10 Torr would give a background gas density of 3×10 12 molecules m −3 . Examination of the double-detachment cross section for H − rare gas scattering suggests that a reasonable estimate for the Cu − background gas cross section would be 10 −19 m 2 [28] . With an effective collision path length of 1.0 m, the Cu + ion production rate would be 3 × 10 12 × 10 −19 × 5 × 10 9 = 1500 ions s −1 . The background count rate of Cu + ions due to double detachment could easily be comparable in size to the charge exchange cross section. However, the fact that the Cu − + e + → Cue + + e − charge exchange cross section is finite at threshold will certainly aid in identifying the onset of Cue + production. The production of Cu + ions due to double detatchment is likely to be the most important background source of positive ions. The use of ultra-high vacuum techniques to minimize the background gas pressure will be an essential aspect of the proposed experiment.
Another scenario for the production of positive ions would involve the formation of CuPs by radiative recombination. At present there is no definite evidence for the existence of CuPs but the electronic stability of HPs, LiPs and NaPs [3] suggests that this species would exist. The presence of CuPs could lead to positive Cu + ions provided the positron annihilates with one of the core electrons. Once again, the production rate of Cu + ions is expected to be small since the radiative recombination cross section is very small and annihilation with the valence electrons is the dominant annihilation pathway. It might be possible to produce positive ions by a two-step process in which Cu is produced by reaction (2) (or other reactions with smaller cross sections) and Cu + produced by the reaction Cu + e + → Cu + + Ps for energies >0.923 eV. Since this involves two collisions in the interaction region the overall production rate should be small and, furthermore, the presence of ions produced by this reaction can be identified by the simple expedient of changing the positron trap density.
Recoil effects due to the annihilation of Cue + in flight are not expected to lead to a significant degradation of the Cu + beam. Most of the recoiling Cu + ions will recoil with a momentum less than or equal to 1 m e a It is clear that copper is not the only atom that can be investigated by this technique. For this reaction to be able to identify positron binding a few simple identities must be satisfied. First the IP of the neutral atom must exceed the total three-body binding energy of Ps − , namely 7.129 eV. If this is not the case, then the reaction A − + e + → A + + Ps − will produce positive A + ions at threshold and therefore the presence of these ions cannot be used to demonstrate positron binding. However, it might be possible to use a less stringent tolerance for the IP provided the Ps − formation cross section is small. In addition, the atom must have a finite EA otherwise it will not be possible to form the negative ion. And the atom must support positron binding and have a PA. When the PA is smaller than the EA it is possible to determine the PA. If this is not true, positively charged ions will be produced at all collision energies. While the presence of positive ions over the background signal could be taken as an indication of positron binding, the absence of a threshold will preclude the measurement of the PA.
A number of elements likely to bind a positron satisfy these criteria. For two elements, Cu and Ag, positron binding has already been indicated by explicit calculation. The silver atom has an EA of 1.302 eV, an IP of 7.576 eV, and so an experiment to detect Age + would be run at centre of mass collision energies between 1.152 and 1.748 eV. An investigation of a generic one-electron atom indicates positron binding to Au is likely [29] and a stable Aue + ground state would satisfy all the criteria for this experiment since it has an EA of 2.309 eV and IP of 9.226 eV. Although positron binding is indicated for Na and Li, both of these atoms have IP of less than 6 eV and do not satisfy the IP > 7.129 eV criteria. Beryllium, zinc and magnesium are all expected to bind a positron, but they do not have an EA. While it might be possible to form metastable negative ion beams for some systems (e.g. He − 1s2s2p 4 P o and Be − 2s2p 2 4 P o ), the metastable negative ions have IPs less than 7.129 eV and so production of positive ions by mundane processes is possible.
Although calculations have given convincing evidence for positron binding to a number of atoms, there are many other elements in the periodic table that could bind a positron. The atoms that are most likely to bind a positron are those with a polarizability exceeding 40 a 3 0 and an IP that is not much smaller than 6.8 eV [4, 29] . The technique outlined in this manuscript could possibly be used to investigate many of these candidates for positron binding. Some promising atoms for positron binding would be the group IV and V elements, Si, Ge, Sn, Sb, Pb and Bi. The transition metals most likely to bind a positron (i.e. those with the largest polarizabilities) have an IP less than 7.129 eV. However, a number of elements (e.g. Mn, Fe, Ru, Ta, W and Re) could still be suitable candidates for investigation provided a suitable negative ion beam could be formed. The possible importance of this experiment is accentuated by the fact that many of the elements amenable to the charge exchange experiment are those with multiple valence electrons. From a theoretical perspective, these multi-electron atoms are much more difficult to treat.
While the experimental details were presented for a specific experimental arrangement, use of the charge exchange reaction is not restricted to one particular experimental configuration. The key features that determine the viability of the experiment are the ability to detect Cu + ions, the ability to discriminate against Cu + ions produced by mundane processes, and the ability to control the centre of mass collision energy with a precision of order 0.1 eV. It should be possible to perform such an experiment with positrons confined in a quadrupole trap. It would also be possible (and might even be preferable) to perform the experiment with a crossed beam geometry in which a monoenergetic positron beam [30] is collided with the ion beam.
Naturally, there is no reason why the charge exchange reaction should be restricted to the investigation of positron binding to atoms. It is not too difficult to form beams of molecular ions, and therefore the charge exchange reaction could possibly be used to study positron binding to molecules.
